ABSTRACT: This paper presents both quasi-steady and transient wind load effects on a cubic building in a microburst and a tornado. Large Eddy Simulation (LES) was used to simulate the loading effects of a translating microburst with a 0.203 m-diameter jet at four different translating velocities on a 25.4 mm cube. The results of the numerical simulation were compared with data from a model laboratory microburst simulator. The transient loading effects on a 228.6 mm cubic building from a translating tornado were also simulated for two different vortex core diameters and two translating speeds and the peak loads were studied.
INTRODUCTION
Tornadoes are vortices with significant rotational velocity along with vertical and radial velocity components in the core region. Physical simulations of tornadoes have been carried out by Ward [1] and Church et al. [2] and numerical simulation has been done by Lewellen [3] . Microbursts are characterized by a strong localized down-flow and an outburst of strong winds near the surface. Selvam and Holmes [4] and Wood et al. [5] have conducted numerical and experimental simulations of thunderstorm downdrafts using static impinging jet models. Both physical and numerical simulations of tornado and microburst to study their effects on scaled models of buildings have been conducted by Bienkiewicz and Dudhia [6] , Letchford and Chay [7] , Sengupta and Sarkar [8] , and Sarkar et al. [9] .
2 NUMERICAL SIMULATION Large Eddy Simulation (LES) was used to simulate the effects of a translating microburst with a 0.203 m-diameter impinging jet and different jet translating velocities on a 25.4 mm cube. The dynamic Smagorinsky-Lilly LES model was used for studying the steady and moving jet impingement flow characteristics with emphasis on the effects of this kind of flow on a cubic building. A central difference scheme was used for the convective terms and for pressure correction the PISO algorithm was used. The jet nozzle was moved at four different speeds, 0.225 m/s (S1), 0.5 m/s (S2), 1 m/s (S3) and 2 m/s (S4) using the sliding mesh simulation method. The simulations were carried out using Fluent [10], with varying domain sizes and time steps.
EXPERIMENTAL SETUP

Microburst Simulator
A nozzle diameter (D) of 203 mm was used to produce the impinging jet. The nozzle along with the fan was moved using a garage door opener with a speed of 0.225 m/s (S1), to simulate a translating microburst. The distance (H) of the ground plane or impinging platform from the nozzle could be varied from a minimum of 203 mm to a maximum of 826 mm using a mechanical jack. For the current work, H = 403 mm, H/D = 1.98 and a jet velocity, V j ≈ 10 m/s was used. Surface pressures on the 25.4-mm cube, oriented normally to the direction of translation, were measured using Scanivalve pressure transducers.
Tornado Simulator
Measurements were made for two tornado vortex cases, with core radii of 0.31 m (R1) and 0.56 m (R2), each of which had a maximum tangential velocity of 11.0 m/s. Swirl ratios for these two cases were estimated to be 0.39 and 1.42. Here D is defined as twice the core radius.
Aerodynamic forces were measured on a 1:100 scale model of a 228.6-mm cubic building which was constructed with plywood. The force balance that was used is capable of measuring all three forces and all three moment components. Two building orientations, normal and 45 degrees with respect to the tornado translation axis, were tested. For both orientations, three different cases of tornado translation were considered. The tornado was translated at 0.30 m/s (LS) and 0.61 m/s (HS). For the quasi-steady (QS) case, the tornado was held at specific distances from the model. Figures 1a and 1b show the comparison of numerical and experimental transient drag and lift coefficients on the 25.4-mm cubic building due to a translating microburst for Speed S1. The force coefficient values, as in Table 1 , corresponding to the CFD cases (QS and S1) are smaller than the experimental cases because the values for the latter were calculated based on the centerline pressures only. The mean pressure coefficient values along the centerline of the model matched quite well between CFD and experimenatal cases. The drag coefficient C D was observed to significantly increase while the lift coefficient C L does not show the same pattern with increasing translation speed, as observed in the CFD results. All force and moment coefficients for the tornado cases were normalized using the maximum tangential velocity of a stationary tornado and the projected area (A) of the model on a plane normal to the translating direction (x) of the tornado for C Fxy , C Mxy, as in Equation 1, or C Mz and the top face of the model for C Fz with H defined as height of the model. 
RESULTS AND DISCUSSION
C Fxy and C Mxy are coefficients of the vector sums (in the x and y directions) of forces and moments, respectively. This combination is important for tornado winds because of the three dimensional nature of the flow field. The coefficients for the microburst cases were for single force components only that were normalized similarly except with the jet exit velocity. Figure 2a shows moment coefficient records for a stationary tornado (QS) at various distances from the center of the building for two different building orientations and two tornado vortex core radii. Each quasi-steady data point corresponds to a 30 second average. Figure 2b shows the effect of translation speed of the tornado on the moment coefficients for zero-degree building orientation case. Each laboratory case of microburst and tornado translation corresponds to an average of five identical runs.
The results of all the tests are summarized in Table 1 . The peak force and moment coefficients are listed for each case. For each force or moment quantity and each extreme wind scenario, Table 1 shows the maximum peak values in boldface. It is noteworthy that the tornadoinduced loads are maximum not for the fastest translation speed but rather for the half-full speed in most cases. Also, the tornado scenarios produced larger force and moment coefficients than the microburst cases. In addition, tornado produced biaxial bending and a twisting moment and a microburst produced a downward force on the roof which is usually not considered in current design practice. The absolute maximum peak force and moment coefficients for all cases of tornado were compared between the cubic building and a tall building (1:500 scale model, 432 mm height, 108-mm square plan, as in Sarkar et al. 2006) in Table 1 . It was found that C Fxy and C Mxy peak coefficients were very consistent between the two buildings while C Fz and C Mz were higher for the tall building.
CONCLUSIONS
The goal of the work presented here was to subject a cubic building model to simulated tornado and microburst winds to quantify the resulting aerodynamic loading on the building. The peak force and moment coefficients for the tornado cases were found to be higher than those of the microburst and the slowly moving and smaller-sized tornado produced generally higher peak loads. Peak drag coefficient was observed to increase with higher microburst translation speed.
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